Iron is an essential trace element for almost all organisms. However, an excess of this metal within cells can be deleterious on account of catalysis of cell-damaging hydroxyl radicals. Therefore, the concentration of iron within cells is tightly regulated and the primary control occurs by regulating its uptake. Under conditions of low iron availability, most fungi mobilize extracellular iron by excretion of low-molecular-mass ferric iron chelators, termed siderophores. Due to the potential impact of iron metabolism on fungal pathogenicity, a better insight into siderophore-mediated iron uptake is needed. In Aspergillus nidulans, siderophore biosynthesis and uptake are negatively regulated by the GATA-type transcription factor SREA. Hence, genes involved in siderophore biosynthesis and uptake are characterized by transcriptional induction under iron limitation in wild-type strain and de-repression in an sreAdeletion strain under conditions of sufficient iron supply. Such genes have been searched for using different strategies, e.g. differential mRNA display and expression analysis of candidate genes from various A. nidulans sequence databases. T h e identified genes presumably encode enzymes needed for siderophore biosynthesis, and transporters involved in siderophore uptake and/or excretion. T h e functional characterization of these genes will help to unravel the pathways involved in siderophore biosynthesis and uptake.
Introduction
Although iron is plentiful in the environment, this metal is most commonly found as virtually insoluble ferric hydroxide and micro-organisms therefore need high-affinity iron-uptake systems. T h e aquisition of this essential metal is also recognized as one of the key steps in the infection process of any pathogen since iron is tightly sequestered by high-affinity iron-binding proteins in mammalian Key words ABC transporter, esterase. iron. major facilitator, nonnbosomal peptide synthetase 'To whom correspondence should be addressed (e-mail h u bertu s haas @ u i b k.ac at)
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hosts. Under iron starvation, most fungi excrete siderophores to chelate extracellular ferric iron with high affinity and specificity. Subsequently, cells recover the solubilized iron from the ironsiderophore complexes [ 13. Therefore, these lowmolecular-mass ferric-iron-specific chelators have often been suggested to function as virulence factors. Additionally, siderophore biosynthesis and uptake represent possible targets for an antifungal chemotherapy because the underlying biochemical pathways are absent in human cells. In contrast to bacteria [2], the impact of the siderophore system on fungal pathogenicity for mammalian hosts is not known, due to the limited knowledge of the molecular basis of siderophore metabolism in filamentous fungi. This may be in part due to the fact that the leading eukaryotic model micro-organism, Saccharomyces cerevisiae, lacks the ability to synthesize siderophores. Nevertheless, this yeast can utilize siderophores produced by other species [3, 4] .
In Ustilago maydis two genes involved in siderophore biosynthesis, sidl and sid2, and regulated by the GATA-factor URBSl have been identified [ 13. sidl encodes ~-ornithine-N'-monooxygenase, which catalyses the first committed step of siderophore biosynthesis ; sid2 encodes a non-ribosomal peptide synthetase necessary for ferrichrome synthesis. Various Aspergillus species are important pathogens of immunocompromised hosts, causing pneumonia and invasive disseminated disease with high mortality. In contrast to, e.g., Aspergillus fumigatus, Aspergillus nidulans is a much rarer cause of human disease but represents a model 
Results and discussion
In A. nidulans, siderophore biosynthesis and uptake are negatively regulated by iron and derepressed in an sreA-deletion strain during iron-replete conditions [5, 6] . Genes showing de-repressed expression during iron-replete conditions caused by SREA deficiency have been searched for using four different strategies (Table 1) . (1) Fragments of putative SREA-target genes identified by the different strategies were amplified by PCR using A. nidulans genomic or cDNA as a template and expression of the respective genes was studied in iron-replete and iron-depleted conditions in wild-type and sreA-deletion strains by Northern analysis (Figure 1 ). sidA displays significant similarity to U . maydis sidl and therefore probably encodes ~-ornithine-N~-mono-oxygenase. sidB and sidC fragments show significant similarity to various non-ribosomal peptide synthetases, including U. maydis sid2. Due to their expression pattern, the encoded proteins are potentially involved in siderophore biosynthesis.
T h e expression pattern of mirA, mirB and mirC together with their similarity to siderophore transporters of S. cerevisiae suggest that they encode siderophore permeases of Aspergillus [ 51.
AMCA displays 6500 identity to mito- Alternatively, ESTA might be necessary for util-
Figure I
Northern analysis of A. nidulons genes regulated by iron availability Expression of srdA, srdb, srdC, mirA, mi&, rnirC, omcA, otrH, estA, sodA, sodb, catb, sreA and ocnA was analysed in wild type (wt) and sreA-deletion (AsreA) strains grown under iron-replete and irondepleted conditions. Northern analysis was performed with I0 pg of total RNA isolated from strains grown for 24 h in minimal medium supplemented with I0 pM FeSO, (+) or without iron addition (-). As a control for loading and RNA quality, blots were hybridized with the y-adin-encoding gene. The hybridization with the sreA probe selves as confirmation of the strains and the iron supply; sreA transcription is confined to iron-replete growth Expression of sodA and sodB is increased during iron-depleted growth, indicating a protective role of these anti-oxidative enzymes under these conditions. In contrast, expression of catB is repressed during iron-depleted growth, probably due to the fact that the apoprotein would lack its enzymic activity without the iron-containing haem cofactor [S] . Up-regulation of sodA, sodB and catB in SREA-deficient cells could indicate that these genes are subject to SREA regulation. However, it is more likely that the increased expression of these genes is caused indirectly since SREA deficiency leads probably to oxidative stress via de-regulated iron uptake [S] .
